Send Orders of Reprints at reprints@benthamscience.net

28 The Open Cardiovascular Medicine Journal, 2013, 7, 28-35

Open Access

Quantitative Immunohistochemistry of Desmosomal Proteins (Plakoglo-
bin, Desmoplakin and Plakophilin), Connexin-43, and N-cadherin in Ar-
rhythmogenic Cardiomyopathy: An Autopsy Study

Fabio Tavora®”, Mingchang Zhang>* Nathaniel Cresswell?, Ling Li**°, David Fowler®, Marcello

Franco® and Allen Burke®

'Escola Paulista de Medicina/UNIFESP, Sao Paulo, Brazil
*Georgetown University, Washington, D.C., USA

*The Department of Forensic Medicine, Shanghai Medical College, Fudan University, Shanghai, China

“Division of Forensic Medicine, Key Laboratory of Evidence Sciences, China University of Political Science and Law,

Beijing, China
*University of Maryland Medical Center, Baltimore, USA

Abstract: Background: Arrhythmogenic right ventricular cardiomyopathy (ARVC) is a genetic disorder related to muta-
tions in desmosomal proteins. The current study tests the hypothesis that immunohistochemical staining for desmosomal
proteins is of diagnostic utility by studying autopsy-confirmed cases of ARVC.

Methods and Results: We studied 23 hearts from patients dying suddenly with ARVC. Control subject tissues were 21
hearts from people dying from non-cardiac causes (n=15), dilated cardiomyopathy (n=3) and coronary artery disease
(n=3).

Avreas free of fibrofatty change or scarring were assessed on 50 sections from ARVC (24 left ventricle, 26 right ventricle)
and 28 sections from controls. Immunohistochemical stains against plakoglobin, plakophilin, desmoplakin, connexin-43,
and N-cadherin were applied and area expression analyzed by computerized morphometry. Desmin was stained as a con-
trol for fixation and similarly analyzed.

The mean area of desmin expression was similar in controls and ARVC (86% vs. 85%, p=0.6). Plakoglobin expression
was 4.9% + 0.3% in controls, vs. 4.6% * 0.3% in ARVC (p=0.3). Plakophilin staining was 4.8% % 0.3% in controls vs.
4.4% £ 03% in ARVC (p=0.3). Desmoplakin staining was 3.4% in controls vs. 3.2 £ 0.2% in ARVC (p=0.6). There were
no significant differences when staining was compared between right and left ventricles (all p > 0.1).

For non-desmosomal proteins, the mean area of connexin-43 staining showed no significant difference by presence of dis-
ease.

Conclusions: The small and insignificant decrease in junction protein expression in ARVC suggests that immunohisto-

chemistry is not a useful tool for the diagnosis.
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INTRODUCTION

Arrhythmogenic right ventricular cardiomyopathy (AR-
VC), a leading cause of sudden exertional death, has been
linked to a number of mutations in genes encoding cardiac
desmosomal proteins [1-9]. Genes encoding desmosomal
proteins that have been linked to ARVC include plakophilin-
2 (PKP2), followed by desmoglein-2, desmoplakin, and des-
mocollin-2. Decreased desmosomal protein expression has
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been demonstrated in uninvolved myocardium by im-
munofluorescent techniques [10]. Specifically, Asimaki et al
demonstrated that plakoglobin (also known as gamma-
catenin) was markedly decreased in uninvolved areas of
myocardium in ARVC samples, with normal or variable
staining for other adhesion molecules, including N-cadherin
[10]. Uninvolved areas in these studies were identified based
on lack of fibro-fatty change characteristic of ARVC.

In contrast to desmosomal proteins, mutations in gap
junction proteins are most frequently implicated in arrhyth-
mias, most notably related to ion channel disorders [11,12].
A third component of the intercalated disk, the adherens
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junction, also contains proteins such as N-cadherin, that are
non-desmosomal adhesion molecules also implicated in ar-
rhythmogenesis. Specifically, Li et al. have demonstrated a
link between N-cadherin and arrhythmias with a possible
association with ARVC [13].

The purpose of the current study was to confirm the find-
ing of abnormal desmosomal protein expression in the inter-
calated disc, in ARVC, by immunohistochemically staining
for desmosomal proteins (two isotopes of plako-globin, pla-
kophilin, and desmoplakin), the adherens junction protein N-
cadherin and the gap junction protein connexin-43. . We
used cases with available paraffin-embedded tissue from
well-characterized examples of ARVC documented at au-
topsy published previously without immunohistochemical
study [14]. We chose to use immunohistochemical tech-
niques that are more amenable to diagnostic purposes, apply-
ing quantitative morphometric techniques to assess staining
differences. The utility of immunofluorescence in diagnosing
ARVC on heart biopsy has been published [10] but not yet
confirmed. Immunohistochemistry has been used extensively
in diagnostic pathology for quantitation of protein expression
for diagnostic and prognostic purposes, and has several ad-
vantages over immunofluorescence, including ease of use,
standardization, stability of the signal, and amenability to
quantification of signal.

MATERIALS AND METHODS

Case Selection

Cases were chosen retrospectively, from a database of
hearts seen in consultation; these have been previously pub-
lished with routine histologic findings [14]. Cases diagnosed
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as ARVC were identified based on a diagnosis database
within a 5-year period, and the blocks and slides retrieved.
The diagnosis of ARVC was confirmed by the identification
of fibrofatty change with degenerative myocyte changes,
thinning of the right ventricle, and subepicardial fibrosis in
the left ventricle, and sudden death without other cause (Fig.
1). Detailed histologic analysis with mutational analysis for
PKP2 were performed and previously reported [14,15]. Dur-
ing the same time period, control hearts were chosen that
approximately matched the ARVC cases by patient age, and
time of consultation, with a bias to those coded as normal
hearts. There were 23 cases of ARVC (aged 33 years, + 15
years, 16 males, 7 females), and 21 controls (mean age 34 +
12, 17 males, 4 females). Controls were 15 normal hearts
(non-cardiac causes of death), 3 dilated cardiomyopathy, and
3 coronary deaths. ARVC hearts were 17 with biventricular
involvement with fibrofatty change, 4 with right ventricular
involvement, and 2 with left ventricular involvement only,
assessed both gross and microscopically. Eight ARVC cases
showed foci of inflammation, and 15 lacked inflammation.
Hearts had been all examined in a similar fashion, cut un-
fixed, with short axis full thickness sections of left and right
ventricles in each case. There were 28 sections of controls
(14 right ventricle, 14 left ventricle), and 50 sections of
ARVC (26 right ventricle, and 24 left ventricle). Eight of the
left ventricular sections contained areas of ventricular sep-
tum. Cases were collected, fixed, and sampled all in the
same manner, and fixed at least overnight before processing.
Hearts were cut along short axis at 1 cm intervals from apex
to base, and full thickness endocardial — epicardial sections
of both ventricles sampled. Adequacy of fixation was tested
based on light microscopy and uniform full-thickness diffuse
desmin staining by immunohistochemistry.

Fig. (1). ARVC, fibrofatty change. A: Section of left ventricle showing areas of fatty change with fibrosis surrounding individual myocytes.
B: A section of left ventricle from a different patient, with areas of fat, randomly distribution in areas of scar and myocytes. C: A section of
right ventricle single myocytes interspersed with areas of scarring and fatty change. D: Fibrofatty change in the right ventricle. Note fibrosis
and fat, with collagen surrounding individual myocytes near the endocardial surface.
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Immunohistochemistry

Antibodies for desmosomal proteins were commercially
obtained. These included desmoplakin 1/2 (LifeSpan Biosci-
ences, monoclonal, 1:500, Seattle, WA), plakoglobin (gam-
ma catenin) (Abcam, clone 15F11, 1:100, Cambridge MA),
plakoglobin (JUP) (rabbit polyclonal, LifeSpan Biosciences,
1:150); and plakophilin-2 (Meridian LifeScience, Inc.,
monoclonal, 1:250, Saco, ME). Dilutions were determined
by standard titration methods for optimal staining (strongest
signal at intercalated disk with least background staining).
Sources of non-desmosomal antibodies were Abcam, clone
GJAL, dilution 1:2000 for connexin-43, and Abcam, clone
CH19, 1:500 for n-cadherin.

Immunohistochemical studies were performed using
standard techniques. Briefly, sections were deparaffinized in
xylene, hydrated in graded ethanol, rinsed in distilled water,
and placed in EDTA solution with steam for antigen re-
trieval. After serum blockade, the antibody was applied and
slides were incubated in a closed water bath overnight.
Slides were rinsed in PBS and secondary antibody (horse
anti-mouse or goat anti-rabbit) was applied for 25 minutes.
Avidin biotin complex was applied to slides for 25 minutes;
the slides were rinsed and placed in hematoxylin for 2 min-
utes, rinsed in tap water, and then placed in ammonium hy-
droxide for 10 seconds and rinsed again.

Morphometry

Computed morphometry was performed using a Nuance
FX® camera system. The Nuance 2.8.0 software was used to
acquire image cubes. An area of specimen at 20x magnifica-
tion was chosen with longitudinally oriented myofibers
based on hematoxylin eosin staining prior to immunohisto-
chemical staining by the pathologist to ensure lack of fibro-
sis. The morphometric measurements were obtained in a
blinded fashion. A spectral library was created from the
same positive control that was used in the acquire cube pro-
tocol, as to ensure consistency. Initially, the brown chro-
mogen was assigned a yellow spectrum (area of positivity),
and the blue counterstain the region of interest (denominator,
representing myocyte area, Fig. 2). The blue hematoxylin
brown diaminobenzidine spectra were calculated, and the
latter then assigned to red. The percentage of the region of
interest was calculation with the area assigned to the red
spectrum. All results were reported as percentages.

Statistical Methods

Means were compared across groups by ANOVA testing
(JMP software, Cary North Carolina, USA). A p value of
<.05 is considered significant.
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Fig. (2). A. Immunohistochemical stain for gamma-catenin in a
patient with ARVC. A digitized section with intercalated discs
staining with brown diaminobenzidine counterstain. B. Staining
after digital subtraction colorizing brown target as yellow, for com-
puterized assessment of percentage of staining. In this case yellow
percentage of myocyte (cyan) area was rendered as 3.97%.

RESULTS

The mean patient age was 33 + 15 for the subjects and 34
+ 13 for the controls (p=0.4, Table 1). None of the patients
and controls had a positive toxicology or any other signs of
medico-legal significance. The mean heart weight was 400 £
107 for the subjects and 419 * 153 for the controls (p=0.5).
Death was exertional in 15 of the 23 ARVC cases. (Table 2)
Seventeen (17) ARVC cases had biventricular involvement,

Table 1. Distribution of Demographic Findings, ARVC Cases and Controls
ARVC Controls p
N 23 21
M:F 16:7 17:4 0.4
Age, years mean £ SD 33115 34+13 0.8
Heart weight, mean = SD 400 + 107 419 + 153 0.5
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4 were right ventricular predominant and 2 were left ven-
tricular predominant. Details about the control cases are pre-
sented in Table 3.

Immunohistochemical studies for all the desmosomal
related proteins showed localization of the stain strongly in
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the area of intercalated disks, with faint to absent cytoplas-
mic staining with desmosomal protein antibodies (Fig. 2).
Desmin showed intense cytoplasmic staining in all cases.
There was no difference among all the proteins between
cases of ARVC (Fig. 3) and controls (Fig. 4) by percentage
of positive staining analyzed in each image cube. The results
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Fig. (3). Immunohistochemical staining, ARVC patients, digitized unmixed composite images, prior to color reassignment. A. Plakoglobin

(antibody JUP). There is normal intensity of staining, similar to controls.

B Plakoglobin (antibody JUP, higher magnification), showing nor-

mal staining intensity. B. Plakoglobin (antibody gamma catenin), showing normal intensity of staining. D. Plakophilin, showing normal in-

tensity of staining. E. Desmoplakin, showing normal intensity of staining.

F. N-cadherin, showing normal intensity of staining.

Table 2.  Clinico-pathological Characteristics of ARVC Patients
N M:F Age £ SD
Exertional 15 12:3 33+16
Non exertional 8 4:4 32+14
Right ventricular* 4 31 21+9
Biventricular 17 12:5 33+15
Left ventricular* 2 11 52+1
Myocarditis present 8 7:1 29+ 16
No myocarditis present 15 9:6 35+15

* predominance
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Table 3.  Clinico-pathological Characteristics of 21 Controls
N M:F Age + SD
Cardiomyopathy, dilated 6 3:3 42 +£11
Non-cardiac deaths 15 14:1 31+15
Trauma (12)
Natural, non trauma (3)
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Fig. (4). Immunohistochemical staining, control patients, digitized unmixed composite images, prior to color reassignment. A. Plakoglobin
(antibody JUP) showing normal intensity of staining. B Plakoglobin (antibody JUP, higher magnification) showing normal intensity of stain-
ing. B. Plakoglobin (antibody gamma catenin) showing normal intensity of staining. D. Plakophilin. showing normal intensity of staining E.
Desmoplakin showing normal intensity of staining. F. N-cadherin showing normal intensity of staining.

are given in Table 4. Within each specific group, ventricular
site (ARVC, controls), there was also no difference. The
dilated cardiomyopathy controls showed similar staining for
N cadherin when compared to normal controls (p=0.8), con-
nexin-43 (3.8 = 0.6 vs. 4.0 + 0.5 for controls, p=0.5), desmo-
plakin (2.8 + 0.5 cs. 3.5 + 0.3 for controls, p=0.2); gamma-
catenin (p=0.8), and JUP (p=0.8).

When the control groups were considered separately, as
normal hearts vs. cardiac deaths, there were no significant
differences in protein expression (Table 5) although there

2was a decrease in expression (not significant) in desmo-
plakin, connexin, and N-cadherin.

DISCUSSION

The current study assessed immunohistochemical reactiv-
ity of several proteins that reside in the intercalated disc of
the human myocardium. There are 3 cell-cell connections of
importance: the gap junction, or nexus; the adherens junc-
tion; and the desmosome. The gap junction is involved in ion
transfer, and is composed of connexons made up of connex-
ins, the most important in the myocardium being connexin-
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Table 4.  Percentage Staining of Junctional Proteins, Controls vs. Arrhythmogenic Cardiomyopathy, Means + SE
Antibody Controls Arrhythmogenic cardiomyopathy P value (all, RV,

All sections RV sections | LV sections | All sections RV sections LV sections V)
Plakoglobin (JUP) 48+0.3 51+05 44+04 48+0.3 46+0.3 48+0.3 0.8,05,0.6
Plakoglobin (gamma-catenin) 49+0.2 49+05 48+0.4 45+0.2 46+03 4203 0.1,04,0.1
Plakoglobin (mean) 49+0.3 49+0.2 46+0.3 46+0.3 45+0.2 45+0.2 0.6,0.3,0.8
Plakophilin 48+0.3 49+04 46+04 44+0.3 43+03 44+03 0.3,0.3,0.6
Desmoplakin 34+03 24+04 3.7+03 3.2+0.2 32+03 3.2+03 0.6,0.1,0.2
N-cadherin 42+03 38+04 42+03 3.7+02 34+02 3.7+02 0.2,04,0.2
Connexin-43 3.7+03 33+04 4004 35+0.2 33+03 37+31 0.6,0.9,0.6

Table 5. Comparison of Control Groups
Antibody Controls (All Sections) Arrh(;/i:)hnr]r;c;%e;i;y(:ar— (I:Da\;zlil;;(yl\(l)(;;r::; \r/12t
ARVC; nl vs. ARVC)
Cardio-myopathy (Not Normal Hearts (Non- All Sections
ARVC) cardiac Deaths)

Plakoglobin (JUP) 48+0.3 47+05 48+0.3 0.9,0.7
Plakoglobin (gamma-catenin) 48+0.4 50+0.3 45+0.2 0.7,0.3
Plakoglobin (mean) 48+0.3 46+0.2 46+0.3 09,09
Plakophilin 50+04 46+0.3 44+0.3 0.6, 0.6
Desmoplakin 3.0+04 3.8+04 32+0.2 0.2,0.1
N-cadherin 3.8+04 4404 3.7+£0.2 04,01
Connexin-43 32x04 4304 35+02 0.1, .07

43. The adherens junction is important for structural integ-
rity, as is the desmosome. In the myocardium, the most im-
portant transmembrane protein of the adherens junction is N-
cadherin, which is attached to beta and gamma catenin, the
latter also called plakoglobin. These catenins bind the actin
cytoskeleton via alpha catenin. Plakoglobin is of special in-
terest because it is also found in the desmosome. The desmo-
somal armadillo proteins, plakoglobin and plakophilin, bind
desmin, in contrast to those of the adherens junctions. The
transmembrane proteins of the desmosome are the desmo-
somal cadherins desmogleins and desmocollin. They bind to
each other extracellularly between adjacent cardiomyocytes,
and bind intracellularly to plakoglobin and plakophilin,
which, via desmoplakin, anchor desmin filaments to the cell
surface.

Of the proteins in the intercalated disc, the current study
assessed one gap junction protein (connexin), plakoglobin or
gamma-catenin (present in the adherens junction as well as
desmosome), desmoplakin (another armadillo protein of the
desmosome) and plakophilin (desmosomal protein). The
purpose for studying these proteins is that they have been
implicated in the pathogenesis of ARVC, and have been the
focus of previous immunohistochemical studies [10,16,17].

The basis for linking ARVC to desmosomal proteins is
partly due to the identification of mutations in desmosomal
proteins in families with ARVC. As of 2007 [18], only 1
case of ARVC has been linked to mutations in plakoglobin;
in this case, the underlying abnormality was actually Naxos
disease, which may or may not be the same disease as
ARVC. Other cases of plakoglobin mutations have been re-
ported in cardiomyopathies with presentation similar to
Naxos disease [19]. The majority of mutations in ARVC
have been related to PKP2, up to 26% in some studies [20]
followed by desmoplakin, desmoglein-2, and desmocollin-
2[21-26]. In a recent series of families with ARVC, in whom
detailed imaging and clinical studies were performed, the
most common mutations were present in desmoplakin, fol-
lowed by plakophilin2, desmogleins and desmocollin [27].

In an immunohistochemical study of desmosomal pro-
teins, only plakoglobin has shown to be consistently de-
creased in ARVC, unlike the current study [10]. Interest-
ingly, mutations of plakoglobin have not been implicated in
ARVC, other than Naxos disease. In Asimaki et al’s study,
[10] plakophilin-2 and desmoplakin were variably dimin-
ished in staining intensity, without clear association with
mutations. N-cadherin expression was normal, with non-
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specific decreased in connexin-43 in ARVC as well as end-
stage heart failure. [10] Another recent study assessed the
expression of plakoglobin, plakophilin, connexin-43, emerin
and TMEM43 in endomyocardial biopsies of family pro-
bands [17]. The TMEM43 protein localizes to the sar-
colemma and endoplasmic reticulum and mutation in its
gene has been described in a small percentage of familial
ARVC cases. The study showed decreased expression of
plakoglobin alone without quantification, specification if the
area assessed corresponded to normal or uninvolved myo-
cardium, and the number of cases was small. The third pre-
vious study of immunolocalization of desmosomal proteins
[16] showed limited specificity (57%) for a decrease in ex-
pression of plakoglobin in diagnosing ARVC.

Unlike previous study, [10] we did not show any signifi-
cant decrease in desmosomal or gap junction proteins in
ARVC vs. controls. Interestingly, there was a trend suggest-
ing decreased expression in cardiomyopathy (not ARVC) of
desmoplakin, connexin, and N-cadherin, all of which were
also non-significantly decreased in ARVC. These results
further underscore the lack of specificity of decreased des-
mosome protein expression in ARVC, at least in the current
study.

In our series, all cases had extensive sampling and were
confirmed pathologically autopsy. Interestingly, the greatest
decrease, although not statistically significant, was in the
adherens junction protein N-cadherin, which has not been
shown decreased in any prior studies. Our control group did
not include any end-stage heart disease patients, although 3
dilated cardiomyopathy patients had only mild decrease in
desmosomal and connexin expression.

The reason for the different results may reside partly in
methodology. Although the previous study [10] used primar-
ily direct immunofluorescence, they reported a decrease in
plakoglobin also with immunohistochemistry at a dilution of
1:50,000. In the study by Christensen et al. [26], the dilution
used was 1:100,000 [17]. In the current study, the titration of
the antibody was performed by routine clinical methods, and
there was no positive staining in any case or control at a dilu-
tion of 1:50,000 using this antibody.

Our study did not show difference of protein expression
with any of the antibodies between cases and controls, only a
slight decrease in connexin-43 in cases of dilated cardio-
myopathy. This may be partially explained by remodeling of
the gap junctions following myocyte hypertrophy. The de-
crease, however, was not only non-significant statistically,
but only seen when the image cubes were evaluated by com-
puter morphometry. These changes were imperceptible by
routine light microscopy, making it impossible as a diagnos-
tic method. The same can be said to any decreased expres-
sion in plakoglobin, especially using non-traditional methods
like hyper-diluting an antibody to thousand-fold the recom-
mended or clinically acceptable.

As mentioned above, plakoglobin is present in the adher-
ens junction as well as in the desmosome proper. A mutation
on its gene would yield decreased protein production and/or
truncated proteins with abnormal configuration. Nonetheless,
the two hitherto studies that showed decreased expression of
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plakoglobin did not show correlation of mutation status and
protein expression of plakoglobin [10,26].

Our study has the limitation of lack of mutation analyses
of the studied proteins. There is an urgent need of mutation
analyses in pathologically proven ARVC cases, as many
studies assess families of probands that may or may not har-
bor the disease, or suffer from other forms of arrhyth-
mogenic diseases.

Immunohistochemistry also has limitations: specificity of
the antibodies used, fixation issues, and that it is a semiquan-
titative method. We addressed the observer bias and subjec-
tivity by using a morphometric blind approach that could
decrease these effects. We believe there was no significant
fixation difference among cases and controls, as assessed by
conventional light microscopy and the expression of desmin
in all cases. Lastly, we used two different plakoglobin clones
from different companies with standard immunohistochemi-
cal techniques in order to reduce the possibility of antibody
specificity, arriving at similar results.

More studies are needed in order to characterize the mor-
phologic spectrum of ARVC and the desmosomal unit may
be a target for its genesis. We do not believe, however, that
the mere expression of junction proteins can be diagnostic of
such a complex disease, and have shown in a large series of
autopsy cases that the changes in protein expression by im-
munohistochemistry should not be used in the clinical set-
ting, due to lack of specificity when compared to normal
controls and other cardiac diseases.
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